. Effects of exercise and passive head-up tilt on fractal and complexity properties of heart rate dynamics. Am J Physiol Heart Circ Physiol 280: H1081-H1087, 2001.-tk;1Passive head-up tilt and exercise result in specific changes in the spectral characteristics of heart rate (HR) variability as a result of reduced vagal and enhanced sympathetic outflow. Recently analytic methods based on nonlinear system theory have been developed to characterize the nonlinear features in HR dynamics. This study was designed to assess the changes in the fractal and complexity measures of HR behavior during the passive head-up tilt and during exercise. Fractal exponent (␣ 1 ) and approximate entropy (ApEn), measures of short-term correlation properties and overall complexity of HR, respectively, along with spectral components of HR variability were analyzed during a passive head-up tilt test (n ϭ 10) and a low-intensity steady-state exercise (n ϭ 20) in healthy subjects. We observed that ␣ 1 increased during the tilt test (from 0.85 Ϯ 0.22 to 1.48 Ϯ 0.20; P Ͻ 0.001) and during the exercise (from 1.00 Ϯ 0.22 to 1.37 Ϯ 0. 14; P Ͻ 0.001). ApEn also increased during the exercise (from 1.04 Ϯ 0.11 to 1. 11 Ϯ 0.08; P Ͻ 0.05), but it did not change during the tilt test. The normalized high-frequency spectral component decreased and the low-frequency component increased similarly during both the exercise and the tilt test (P Ͻ 0.001 for all). Exercise and passive tilt result in an increase of short-term fractal correlation properties of HR dynamics, which is related to changes in the balance between the low-and high-frequency oscillations in controlled situations. Overall complexity of HR dynamics increases during exercise but not during passive tilt. variability; approximate entropy; detrended fluctuation analysis TIME AND FREQUENCY DOMAIN ANALYSES of heart rate (HR) variability (HRV) are the most commonly used noninvasive methods to evaluate autonomic regulation of HR in healthy subjects as well as in patients with cardiovascular disorders. Because nonlinear phenomena are involved in the genesis of human HR fluctuations (2, 13, 31, 35) , new analysis techniques have been developed to probe features in HR behavior that are not detectable by traditional analysis methods (11, 12, 21, 23, 36) . Analysis of fractal scaling exponents by detrended fluctuation analysis (DFA) is one such method that describes the fractal-like correlation properties of R-R interval data (21). Approximate entropy (ApEn) is another nonlinear method that quantifies the amount of complexity in the time-series data (23, 24).
TIME AND FREQUENCY DOMAIN ANALYSES of heart rate (HR) variability (HRV) are the most commonly used noninvasive methods to evaluate autonomic regulation of HR in healthy subjects as well as in patients with cardiovascular disorders. Because nonlinear phenomena are involved in the genesis of human HR fluctuations (2, 13, 31, 35) , new analysis techniques have been developed to probe features in HR behavior that are not detectable by traditional analysis methods (11, 12, 21, 23, 36) . Analysis of fractal scaling exponents by detrended fluctuation analysis (DFA) is one such method that describes the fractal-like correlation properties of R-R interval data (21) . Approximate entropy (ApEn) is another nonlinear method that quantifies the amount of complexity in the time-series data (23, 24) .
Several studies have described changes in the spectral characteristics of HRV caused by passive head-up tilt and dynamic exercise (1, 3, 5, 19, 20, 25, 32, 33, 35) . The HR increases and the high-frequency (HF) power of R-R intervals decreases both during the head-up tilt test and during dynamic exercise as evidence of withdrawal of vagal activity during both conditions (19, 20, 36) . The normalized low-frequency (LF) component of HRV also increases both during tilting and exercise, which suggests an increase in sympathetic outflow (3, 19, 20, 25) . Despite a large body of data concerning the changes in spectral characteristics of HRV during the passive tilt and exercise, there is little information on the effects of these physiological interventions on nonlinear characteristics of HR behavior. This study was designed to assess the changes in the nonlinear features of HRV caused by the passive head-up tilt test and steady-state low-intensity dynamic exercise. The main purpose was to gain insight into the physiological background for fractal and complexity characteristics of HR dynamics.
METHODS
Subjects and study protocol. All subjects were healthy male volunteers. The protocols were approved by the ethics committee of the Merikoski Rehabilitation and Research Center, and all subjects gave their written informed consent. A passive head-up tilt test and a low-intensity exercise test were performed in two different populations. An incremental passive head-up tilt test was performed for 10 subjects (age, 29 Ϯ 5 yr; weight, 75 Ϯ 5 kg; height, 178 Ϯ 4 cm). The subjects in the exercise test (n ϭ 20, age, 29 Ϯ 8 yr; weight, 79 Ϯ 10 kg; height, 179 Ϯ 6 cm) were selected from a larger group of subjects (n ϭ 110), who participated in another study aimed at analyzing the effects of age and physical fitness on HR dynamics during exercise (32) . The subjects of the exercise group in the present study were selected from this larger group so that they were age-matched with the subjects undergoing tilt-table testing. Subjects were not allowed to eat or drink coffee for 3 h before the tests. Vigorous exercise and alcohol were also forbidden for 48 h before the testing days. The subjects lay in a supine position in a quiet room at least 15 min before data collection and became accustomed to breathing at a constant metronome-guided rate of 0.25 Hz for the duration of the experiments. Blood pressure was measured with an automatic oscillometric blood pressure recorder every 5 min throughout the protocols (Dinamap, Criticon).
The time periods of interventions were designed to be long enough to obtain the R-R interval data in stationary conditions. The HRV analyses were performed from 500 R-R intervals during the period of stable condition when no changes in the average HR were observed during each intervention. The treadmill exercise time was extended to accustom the subjects to walking properly on the treadmill and to have HR recordings that were as steady state as possible. The spectral and nonlinear HRV analyses were always done from the last 500 beats of R-R interval recordings at rest and during different experiments.
The tilt protocol included baseline recordings (10 min) and recordings during a passive head-up tilting to 20°, 40°, and 60°for 10 min of each load. After each 10-min tilting period, subjects were moved again to a horizontal position for 10 min (19) . Twenty subjects were studied at rest and during a dynamic exercise. After the resting period (30 min) the subjects performed a standardized walking test (30 min) on a treadmill with a speed of 4 km/h. Breathing was spontaneous during exercise.
HRV measures. The R-R intervals were recorded with a Polar R-R recorder with a sampling frequency of 1,000 Hz (Polar Electro) (28) . A continuous-surface electrocardiogram (ECG) was also monitored (TEC-7100, Nihon Kohden) and recorded (Oxford Medilog 4500, Oxford Instruments) during the experiments to confirm the sinus origin of the beats. All of the R-R intervals were edited manually to exclude all premature beats and noise, which accounted for Ͻ1% in every subject.
Frequency-domain analysis. An autoregressive model was used to estimate the power-spectrum densities of HRV (11, 32) . The power spectra were quantified by measuring the area under two frequency bands: LF power (0.04-0.15 Hz) and HF power (0.15-0.4 Hz). A logarithmic transformation to the natural base was performed on both spectral components of HRV. The spectral component values are also presented in normalized units (nu) (19) .
Fractal and complexity analysis. DFA quantifies fractallike correlation properties of the R-R interval data (12, 21) . The root-mean-square fluctuation of the integrated and detrended data are measured in observation windows of different sizes and then plotted against the size of the window on a log-log scale (Fig. 1) . The scaling exponent ␣ represents the slope of this line, which relates (log)fluctuation to (log)window size. In this study the short-term (4-11 beats) scaling exponent (␣ 1 ) was calculated based on previous experiments (16) .
ApEn is a measure that quantifies the amount of overall regularity or predictability in time-series data. Lower ApEn values indicate a more regular (less complex) signal; higher values indicate more irregularity (greater complexity) (23, 24) . Two input variables, m and r, must be fixed to compute ApEn; m ϭ 2 and r ϭ 20% were chosen on the basis of the previous studies showing good statistical validity for ApEn within these variable ranges (23, 24) .
Statistics. Standard statistical methods were used for the calculation of means and standard deviations. Normal Gaussian distribution of the data was verified by the Kolmogorov-Smirnov goodness-of-fit test (z value Ͼ 1.0). ANOVA for repeated measurements was used to compare the changes in HR, blood pressure, and HRV parameters during the different protocols. The differences between the mean values were tested for significance using paired t-tests. Analysis of covariance (ANCOVA) using the baseline levels of each HRV measure as covariates was performed to analyze the differences in changes of HRV measures between the tilt and exercise. Pearson's correlation analysis was performed among differ- corresponding heart rate variability (HRV) analysis at baseline (left) and during dynamic exercise (right). Spectral analysis shows marked decreasing in high-frequency (HF) power, minor changes in lowfrequency (LF) power, and increasing in total power (TP) from baseline to head-up tilt (A, center), whereas during exercise all spectral values are decreasing (B, center). Nonlinear analysis of R-R intervals results in increased short-term fractal scaling exponent (␣ 1 ) in both cases and approximate entropy (ApEn) decreases during tilt and increases during exercise.
ent HRV parameters at rest, during the passive head-up tilt test, during exercise, and across all conditions.
RESULTS
Representative examples of R-R interval time series, power spectra, and fractal characteristics at rest, during the head-up tilt test, and during dynamic exercise are shown in Fig. 1 .
Effects of exercise and passive head-up tilt on ␣ 1 and ApEn. The fractal scaling exponent ␣ 1 increased both during the dynamic exercise and during the passive head-up tilt test (P Ͻ 0.001 for both; Fig. 2, A and B) . ApEn also increased during dynamic exercise (P Ͻ 0.05; Fig. 2, C and D) , but the passive head-up tilt test did not cause any significant changes in ApEn values.
Effects of exercise and passive head-up tilt on spectral measures of HRV. The changes in the spectral measures of HRV caused by exercise and tilting are shown in Table 1 . HF power, analyzed in absolute units, decreased during both interventions (P Ͻ 0.001). Absolute LF power decreased during exercise (P Ͻ 0.001) but did not change during the tilt test. The LF-HF ratio increased both during exercise and tilting (P Ͻ 0.01). The HF spectral component analyzed in normalized units decreased during both the tilt test and exercise. Accordingly the normalized LF spectral component increased during both interventions (P Ͻ 0.001).
The changes in the ApEn value (P Ͻ 0.05), total variance (P Ͻ 0.001), and the absolute LF power of HRV (P Ͻ 0.01) differed significantly between the passive head-up tilt test and exercise when analyzed by ANCOVA and including the baseline HRV measures as covariates.
Correlation among different HRV methods. Table 2 shows the correlation coefficients between the different HRV measures at baseline, during exercise, during the passive head-up tilt test, and across all conditions, respectively. During all of the experiments, scaling exponent ␣ 1 had only a weak correlation with HR and spectral measures of HRV when analyzed in absolute Values are means Ϯ SD. ␣ 1 , Short-term fractal scaling exponent; ApEn, approximate entropy; HR, heart rate; TP, total power; HF, high frequency; LF, low frequency; ln, natural log; nu, normalized units; BP, blood pressure; sys, systolic; and dia, diastolic. Dynamic exercise ϭ walking 4 km/h. * P Ͻ 0.05, † P Ͻ 0.01, and ‡ P Ͻ 0.001, baseline vs. stimulation.
units. However, ␣ 1 had an inverse correlation with the normalized HF power and a positive correlation with the normalized LF power at baseline and during the tilt (when the rate of respiration was controlled). These correlations became weaker during the dynamic exercise. ApEn had no or only weak correlations with the HR and all the spectral measures of HRV; ␣ 1 and ApEn also had only a weak mutual correlation. Table 3 shows the correlations between the changes in HRV indices during the tilt test and exercise, respectively. Changes in scaling exponent ␣ 1 were correlated to changes in normalized HF and LF components, but not with the change in HR. Changes in ApEn correlated only weakly with the changes in HR but did not correlate with any of the other HRV measures.
DISCUSSION
The main finding of this study is that the short-term fractal scaling exponent ␣ 1 increases both during passive head-up tilt and during low-intensity dynamic exercise. On the contrary, overall complexity of HR dynamics, measured by ApEn, increased during the low-intensity dynamic exercise but not during the passive head-up tilt.
Methodological background for analysis of fractal correlation properties and complexity of HR dynamics.
The DFA technique is a modified root-mean-square analysis of a random walk, and it quantifies the presence or absence of fractal correlation properties in the time series. In this method, a fractal-like signal results in an exponent value of ϳ1.0, a random signal results in a value of 0.5, and a strongly correlated signal behavior results in an exponent value of 1.5 (21) . Increased short-term fractal exponent values (␣ 1 Ϸ 1.4) observed during the passive head-up tilt and during exercise in the present study reveal stronger correlation properties of short-term HR dynamics during these interventions compared with the baseline resting conditions.
Analysis of ApEn is a method that classifies complex systems including both deterministic chaotic and stochastic processes (23, 24) . It is basically designed to measure the regularity and complexity of time-series data by quantifying the likelihood that runs of patterns that are close remain close on the next incremental comparisons. The larger the value of ApEn, the greater the unpredictability in the R-R interval time series. The present data show that complexity in HR dynam- Abbreviations, see Table 1 ; n, no. of subjects. * P Ͻ 0.05; † P Ͻ 0.01; and ‡ P Ͻ 0.001.
ics increases during the low-intensity dynamic exercise but remains unaltered during the passive head tilt.
Effects of dynamic exercise and passive head-up tilt on HR dynamics.
The interplay between the sympathetic and vagal regulation of HR is usually organized in a reciprocal fashion, i.e., increased activity in one system is accompanied by decreased activity in another (18, 19) . At the beginning of low-intensity exercise, HR increases due to inhibition of vagal tone. As the workload increases, HR increases due to further vagal withdrawal and concomitant sympathetic activation (20, 33) . Reciprocal changes in sympathetic and vagal activity also occur during the incremental passive head-up tilt exercise (3, 19) . In the present study, normalized HF power decreased and LF power increased as evidence of withdrawal of vagal activity and enhanced sympathetic outflow during both dynamic exercise and the passive head-up tilt. Similar changes in the normalized spectral components of HRV during exercise and the passive tilt have been observed and reported in numerous previous studies (3, 19, 20) . Changes in autonomic regulation caused by both dynamic exercise and the passive tilt also resulted in concordant changes in the short-term fractal properties of HR dynamics.
Dynamic exercise also resulted in an increase in the overall complexity of HR dynamics, but the passive head-up tilt exercise did not cause any notable changes in complexity values. Although dynamic exercise and the passive head tilt cause similar changes in the cardiac sympathetic and vagal outflow, there are obvious differences in cardiovascular regulation between the head tilt and exercise: the passive head-up tilt predominantly increases the diastolic blood pressure (27) , but low-intensity exercise mainly increases systolic blood pressure (26) . The passive head-up tilt Ͼ50°r esults in a 1.5-to 3-fold increase in circulating norepinephrine levels and only minor or no changes in circulating epinephrine (1, 27, 30) . On the contrary, low-intensity dynamic exercise predominantly increases the circulating epinephrine levels (4, 20) . It is possible that divergent changes in the circulating catecholamines, or some other factors affecting neurohumoral regulation, explain the observed differences in HR dynamics caused by the passive head tilt and active exercise. These differences were evident only in the analysis of complexity of HR dynamics, but spectral and fractal analysis methods were not able to uncover significant differences in HR behavior during the head tilt and dynamic exercise.
Correlation among different HRV measures. Previous studies have shown that fractal and complexity measures of HRV are weakly correlated with the traditional time-and frequency-domain indices when measured during "free-running" conditions from 24-h ambulatory ECG recordings (15, 22) . In this study the short-term fractal scaling exponent was correlated to the normalized spectral components at baseline and across all conditions. A weaker correlation observed in previous Holter studies may be due to uncontrolled breathing rate, which may have significant effects on the characteristics of short-term HR dynamics (6) . Correlation between the short-term scaling exponent and normalized spectral components became weaker also here during exercise with a spontaneous breathing rate. From the mathematical point of view, spectral measures resemble scaling indices when analyzed as normalized units during strictly controlled external conditions, because both describe relative changes in the characteristics of HR fluctuations over different time scales rather than the magnitude of HRV. These measures are not surrogates in uncontrolled conditions, however. Measurement of scaling exponents by the DFA method provides precise information on the scaling properties of HR fluctuations over a highly segmented time window, whereas conventionally computed spectral measures vaguely describe HR fluctuation ratios in predetermined time windows. Table 1 ; ⌬, change in; n, no. of subjects. * P Ͻ 0.05; † P Ͻ 0.01; and ‡ P Ͻ 0.001.
ApEn had only a weak correlation with the ␣ 1 scaling exponent across all conditions, and it did not correlate notably with any of the HRV measures, showing that this overall complexity measure describes different features in HR dynamics than the spectral analysis methods or DFA analysis.
Study limitation. In the present study we investigated differences in HR dynamics between low-intensity exercise and the passive head-up tilt test only in healthy males. However, HR dynamics may be different between males and females. Previous studies have shown increased complexity (ApEn) and a higher HF component during short-term ECG recordings under controlled breathing in women compared with men (10, 29) . Gender differences in fractal HR dynamics have also been previously described (22) . Before generalizing the present observation, the same experiments should be performed also in females and subjects with cardiovascular disorders. We decided to start with healthy male subjects because it may be important to understand the determinants of HR behavior first in a homogeneous sample of subjects without evident cardiovascular disorders before performing similar studies in patients with heart disease.
In conclusions by using a fractal analysis method of HRV, we observed that low-intensity dynamic exercise and passive head-up tilt result in a change in the HR dynamics from a "normal" fractal-like dynamics toward an increase in the short-term correlation properties of HR dynamics. By analyzing the complexity of HR dynamics, subtle differences in HR behavior caused by the passive head tilt and dynamic exercise could be observed that were not detected by traditional spectral or fractal analysis methods. These observations provide some novel information on the physiological background for fractal correlation properties and complexity of HR behavior. Further experimental work will be needed to assess the background for reduction in both short-term fractal properties and complexity in HR dynamics, which have been shown to be associated with the occurrence of adverse clinical events (7-9, 14-16, 34) .
